Genetic diversity within and between Turkish populations of the wild progenitor of wheats, tetraploid wild emmer wheat, Triticum turgidum var. dicoccoides, was studied electrophoretically. Forty-eight enzyme loci were assayed in 157 individual plants representing four populations of T. r. dicoccoides, across a transect of 90 km in Turkish Kurdistan. These results suggest that (i) climatic selection plays an important role in genetic differentiation of wild emmer populations, and (ii) the wild gene pool comprises significant genetic resources for utilization in wheat improvement.
INTRODUCTION
We have reported earlier on levels of genetic diversity at the macro-and microgeographic differentiation, and highlighted environmental correlations with allozyme diversity in wild emmer wheat, T. t. dicoccoides (T. turgidum, in Kimber and Feldman, 1987) in Israel (Nevo eta!.,1982; Nevo, 1983; Golenberg, 1986; Golenberg and Nevo, 1987; Nevo et a!., 1988a, b) . The present report complements the others in our attempt to trace genic differentiation of wild emmer in the Near East Fertile Crescent. The Fertile-Crescent belt is the centre of origin and diversity of wild emmer wheat, the progenitor of all cultivated wheats, as well as the centre of the other 27 species of the genus Triticum, (Kimber and Feldman, 1987) . Clearly, the knowledge of geographic patterning of genic diversity across the centres of diversity of the progenitors of cultivated plants may be of great importance. This is true both theoretically, in assessing the evolutionary forces of genetic differentiation, and practically, in utilizing the genetic resources of the wild gene pool in breeding programmes for wheat improvement.
Modern plant breeding practices have reduced the genetic diversity in cultivated plants, including wheats, making them increasingly susceptible to diseases, pests, and environmental stresses (Plucknett et a!., 1983) . Consequently, the maintenance of high world food production is severely threatened. As often argued (e.g., Feldman and Sears, 1981 ) the highest hope for future crop improvement lies in exploiting the genetically diverse and adaptive gene pooi of the plants' wild relatives. The wild gene poois of wheat contain many economically important alleles for disease resistance, high grain protein content, resistance against diverse ecological stresses, earliness, etc., that might be transferred to cultivated wheats and utilized in their improvement (Feldman, 1983; Nevo, 1983 Nevo, , 1987 Kimber and Feldman, 1987) .
The objective of this paper is to document the genetic structure and differentiation of populations based on allozymes of wild emmer wheat, T. t. dicoccoides, in Turkey. This data base will be compared and contrasted in a later communication with Israeli populations of wild emmer. Here we demonstrate that the level of genetic diversity of wild emmer in Turkey is relatively medium.
However, the unique "archipelago" genetic population structure of wild emmer wheat is clearly displayed, partly correlated with the climatic environment. The genetic resources described here in wild emmer wheat could be utilized in wheat improvement.
MATERIALS AND METHODS

Ecological background
Wild emmer wheat, T t. dicoccoides (T. turgidum in Kimber and Feldman, 1987 ; genomic constitution AB), is the tetraploid, predominantly self pollinated, wild progenitor from which modern tetraploid and hexaploid cultivated wheats were derived (Zohary, 1970; Feldman, 1976; Kimber and Feldman, 1987) , and with which it makes fertile hybrids. Wild emmer is distributed over the Near East Fertile Crescent, in Israel, Jordan, Lebanon, Syria, East Turkey, North Iraq and West Iran (Harlan and Zohary, 1966; Kimber and Feldman, 1987 and wild diploid wheats but has by far a more restricted, scarce, patchy and locally isolated pattern of distribution, as compared with the above Figure 1 Geographic distribution of 20 sampling localities of wild cereals in Turkey. In only four localities 7, 8, 10 and 16, referred here as populations Nos. 1, 2, 3, 4 was wild emmer wheat, T. t. dicoccoides found. 
Electrophoresis
Tissue preparative procedures and starch gel horizontal electrophoretic techniques, were similar to those used for wild barley (Brown et al., 1978) . Locus and allele designations are as for the Israeli T. t. dicoccoides (Nevo et a!., 1982 Genetic summary. A summary of genetic data of the four populations of T. t. dicoccoides in Turkey is given in table 3. The genetic indices are calculated separately for (i) all 48 loci tested; (ii) 41 shared loci (i.e., scorable in all four Turkish populations) and, (iii) 37 loci also shared with Israeli populations calculated for future comparisons, and (iv) 41 loci in all four Turkish populations considered as a megapopulation. Most further analyses, unless otherwise specified, were conducted on the data-set of the 41 shared loci.
The major features were: (a) Levels of genetic diversity were medium, (compare with mean value of He =0083 of 110 species in Nevo et aL, 1984) . (b) The genetic indices, based on the 41 shared loci, were similar among the four populations.
However, the estimates based on 48 loci involved the average number of alleles per locus, A (mean 1215, range 1.171-1.271); the proportion of polymorphic loci per population, P -1 per cent (mean 0193, range 0i46-0229); and the proportion of heterozygosity per locus per individual, H (mean 0.0005, range 0000-0001). The mean index of genic diversity, He, which is the average per locus probability that two random gametes from the population carry different alleles at a locus (Nei, 1975) , was 0057, range 0043-0067. The mean of Wright's fixation index (Wright, 1965) was very high (F=099, range 0982-1•00). The estimates of H and F imply that T t. dicoccoides is predominantly self pollinated, with outcrossing of the order of 1 per cent (compare with estimates of less than 1 per cent deduced from field and experimental garden material by Golenberg, 1986) .
The overall number of alleles detected in the 48 loci in the four populations of T t. dicoccoides in Turkey amount to 72 (mean per locus 150, range 1-3) (compare with the estimate of 110 alleles found in Israeli T t. dicoccoides in Nevo et a!., 1982: 248) .
Geographic patterns of allele distribution. Regional distribution of minor alleles (<50 per cent) of polymorphic loci (appearance in two or more populations) included: Mdh2a, Nadh2Aa, GdhAa, Gdh-B', Pepca, Pepc', ESt4Bb,ESt5Ba, Est-SW, E5t-5B, Acphxa, Gluc-w, Est2Aa, Est2Ab, Est2Bd. Local distribution (appearance in only one population) included: PgiAe, Mdh-2", Nadh-IAC, IporB", Adh1Ab, Est-4A'°, Est-5A"11, Acph-3, Est2Bc, Pepcb, Nadh2Bh.
To assess the various kinds of allele distribution we followed the classification proposed by Marshall and Brown (1975) . Each of the 72 alleles found in the four populations of T. t. dicoccoides in Turkey was classified into one of the following classes: (i) Common: (at least one population with frequency >10 per cent); (a, b) widespread and The analysis was based on a multilocus analysis involving 13 polymorphic loci and 19 alleles. From these the program chose nine alleles out of seven temperature (mean annual, Tm, mean January, Tj, mean August, Ta.), moisture (mean annual rainfall, Rn, mean relative humidity, Hu). Among the environmmental variables, water and temperature were highly and significantly correlated (i.e., RnTm, r= 1.00). All temperature variables also displayed high intercorrelations (r = 1.00). Among the genetic indices the highest Spearman rank correlation was between P -1 per cent and A (r = 0.83), and with He (r=074).
Correlations between genetic indices, allele frequencies and climatic variables. Six of 29 alleles (21 per cent) approach significant ecogeographical correlates. This may be due to the low number of populations, so that even correlations of r =100 are not significant. We therefore ran a multiple regression analysis to unravel any climatic associations based on several-variable combinations.
Multiple regression analysis. A test of the best predictors of P -1 per cent, P -5 per cent, He, and representative six allele frequencies at five polymorphic loci, was conducted by stepwise multiple linear regression analysis employing these characters as dependent variables. Geographic and cli- gous loci (K) in two randomly chosen gametes, was proposed by Brown et a!. (1980) . It measures multilocus associations when multiple alleles and many loci are analyzed, combining all paired-loci gametic-phase-disequilibria. We calculated multilocus organization indices for the entire data set and for each population in this study separately. The results are given in table 9. The differences between the expected and observed variances of K are significant in populations Nos. 1, 3, 4 and in the megapopulation. The observed variance of K in the entire data set was 71 per cent above the expected. The ranking of the measure of intensity of multilocus association X(2) of the four populations was 29, 85, 98 and 125 per cent for populations 2, 3, 4 and 1, respectively (table 9) .
DISCUSSION
Basically, the patterns of genetic diversity and differentiation of wild emmer wheat in Turkey were similar to the patterns previously found in Israel (Nevo et a!., 1982) . T t. dicoccoides in Turkey is characterized by the following features. (i) The levels of genetic diversity for 48 loci were medium (He = 0057, range O.o43-O067) as compared with diversity within populations, Dst = Average gene diversity between Gst Gene diversity between populations, relative to Hi, Rat = the average He = 0070 of Israeli T. t. dicoccoides, based on 50 gene loci (Nevo et al., 1982) , and average He=0083 of 1100 species analyzed by Nevo et aL, (1984) . ( (c) = complete association: one gametic type is missing (Brown et aL, 1980) . (a) absolute association: only two gametic types are present (Brown et a!., 1980) . were significantly assocated with temperature, water availability and geographic variables. (ix) Gametic phase disquilibria and intense multilocus organization were abundant.
The results obtained in T t. dicoccoides in
Turkey support the following hypotheses: (a) Wild emmer displays a unique archipelago-patterned ecological-genetic population structure. (b) Natural selection is a major factor in genetic differentiation of populations; and (c) The wild gene pool of emmer wheat can provide useful genetic resources for the improvement of the cultivated gene pools. These three hypotheses will be discussed sequentially.
(a) The unique ecological-genetic population structure of wild emmer
The population genetic structure of I t. dicoccoides in Turkey is similar to that in Israel. It displays a unique ecological genetic population structure (Nevo et al., 1982; Nevo, 1983) . While some northern populations in Israel are lush and comprise extensive stands, most populations are either semiisolated or isolated. This unique population structure is displayed by the fact that localized alleles were frequent (45 per cent in Israel and 54 per cent in Turkey), while rare alleles were few. Thus, the geographically subdivided population structure of wild emmer wheat is genetically reflected as an "archipelago" population genetic structure, where peaks of locally or sporadic alleles characterize the semi-isolated and isolated populations.
These alleles are frequently correlated with environmental factors, displaying adaptive patterns. Furthermore, these are precisely the alleles that are critical in determining optimal sampling strategies (Marshall and Brown, 1975) . microgeographical (Golenberg, 1986; Golenberg and Nevo, 1987; Nevo et a!., 1988a, b) is far from random. By contrast, it displays significant gametic phase disequilibria at the two locus level. Furthermore, multilocus organization also appears substantive. The variance of the number of the expected heterozygous loci in two randomly chosen gametes provides a useful measure of allele association among different loci (Brown eta!., 1980 Golenberg, 1986) . However, over many generations, and due to historical flushcrash population processes, and active transfer of seeds by ants, mice and other animals, the semi-isolated populations must have exchanged genes.
Nevertheless, the degree of multilocus association varies drastically between the four populations most likely due to natural selection, since all other factors involved appear similar. Inbreeding and hitchhiking (Hedrick, 1982) still remain important agents leading to gametic phase disequilibria and genome organization. However, if these were the only, or even the major causes of the observed patterns, the variance among populations should have been low. The large variance between the populations tested in these parameters (tables 8 and 9) suggests that selection does play an important role in the genetic differentiation observed, over and above sheer inbreeding. Admittedly, we do not have as yet a method to appropriate the contribution of each of the potential random and nonrandom factors involved in genetic differentiation at the single and multilocus levels.
We therefore suggest that until such a method becomes effective, the multiocus associations encountered and genetic differentiation in general are largely derived from natural selection. This could be directly tested both in greenhouse and field conditions by reciprocal transplantation and replacement series competition experiments for fitness parameters over several years. For a detailed discussion of multilocus structures in Tt. dicoccoides see Golenberg (1986) .
The utilization of T. t. dicoccoides in improving cultivated wheats Utilization of wild genetic resources to improve cultivated plants has been discussed by Allard (1960) and reviewed by Feldman (1983) ;, among others. Wild emmer, as a donor of genes for resistance to stripe rust and high protein content, has been described by Grama eta!., (1983 Grama eta!., ( , 1984 . Many genes for resistance to P. recondita tritici have been identified in wild relatives of wheat and in rye (Secale cereale L.). Thirty-five genes for resistance to the pathogen have been identified in wheat (Browder, 1980) . Some of these genes were transferred to wheat by interspecific or intergeneric crosses. Four genes (Lr9, Lr21, Lr22a and Lr28) were transferrred from other Triticum species; three (Lr19, Lr424, and Lr29) were transferred from Agropyron elongatum (Host) Beauv.; and two (Lr25 and Lr26) were transferred from rye (Moseman et a!., 1985). The success obtained in transferring desirable genes from wild emmer into cultivated wheat indicates that this species represents an extremely valuable germplasm pool that must be widely used in wheat amelioration. The widespread potential genetic resources of wild emmer wheat, including various disease resistances, protein content, and resistance to various ecological stresses and elite agronomic traits have been partly reviewed by Nevo (1983 Nevo ( , 1987 .
CONCLUSIONS AND PROSPECTS
The wild gene pool of emmer wheat, T t. dicoccoides, in Turkey, the recognized progenitor of cultivated wheats, was studied here both theoretically and practically. Theoretically, in an attempt to evaluate the evolutionary forces causing genetic differentiation of wild emmer wheat. Practically, as a potential and actual donor of desirable genes for the improvement of cultivated wheat. The Near East Fertile Crescent in general, is the centre of origin and diversity of wild emmer. In this area, during long-lasting evolutionary history, wild emmer developed wide adaptive diversity against multiple and variable pathogens, pests, and diverse ecological stresses. Since genetic variation is transferable from the wild to the cultivated gene pool, genetic diversity of wild emmer is optimal for future wheat improvement. The rich genetic diversity of wild emmer for multiple disease resistances, agronomic traits of economic significance, and environmental adaptations, is geographically structured, and is predictable by ecology and allozyme markers (reviewed in Nevo 1983 Nevo , 1987 ).
Consequently, conservation and utilization programmes should maximize sampling strategies by following the ecological-genetic factors and allozyme markers as effectively predictive guidelines. Future intensive studies of wild emmer, primarily at the molecular level, could substantially contribute to wheat improvement and thus stabilize world food production.
